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Abstract
The explanation of the nature of superconducting gap in high temperature supercon-
ductors (HTSC) is a fundamental task which solution can lead to the understanding of
superconducting mechanism. However, it has not been fully solved yet. From the mid of
the twentieth century when Bardeen, Cooper and Schrieffer constructed their theory it
has been believed that a superconducting gap is a collective phenomenon of electron exci-
tations. In this work it is demonstrated that according to translation-invariant bipolaron
theory of HTSC the different types of experiments measure for the gap different values.
Thus tunneling experiments determine the bipolaron energy for a superconducting gap.
On the other hand, the angle - resolved photoemission spectroscopy method measures the
phonon frequency for which the electron-phonon interaction is maximum. Such effects as
kinks in spectral measurements of gap, its angular dependence, existence of pseudogap
and others have got natural explanations.
Keywords: Bose-Einstein condensate, angle-resolved photoemission spectroscopy (ARPES), Ra-
man scattering, translation-invariant bipolarons
1 Introduction
In papers [1, 2] we constructed a translation invariant (TI) bipolaron theory of superconductiv-
ity (SC) on the basis of a Hamiltonian of Pekar-Fro¨hlich electron-phonon interaction (EPI) when
EPI, as distinct from the case of the Bardeen-Cooper-Schrieffer theory [3], cannot be considered
to be weak. The role of Cooper pairs in this theory belongs to TI bipolarons whose correlation
length (≈ 1nm) is much less than that of Cooper pairs (≈ 103 nm). According to [1, 2], in
high-temperature superconducting (HTSC) materials, TI bipolarons are formed near the Fermi
surface and represent a charged Bose gas capable of experiencing Bose-Einstein condensation
(BEC) at high critical temperature which determines the temperature of SC transition.
∗lak@impb.ru
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As distinct from Cooper pairs, TI bipolarons have their own excitation spectrum which
determines the thermodynamic properties of Bose gas of TI bipolarons. This spectrum has a
gap which is equal to the frequency of an optical phonon ω0 in an isotropic medium. In the
case of weak EPI (BCS limit), the frequency of an optical phonon is ω0 >> |EB|, in the case
of intermediate coupling it is ω0 ∼= |EB|, and in the case of strong coupling it is ω0 << |EB|,
where |EB| is the energy of a TI bipolaron. According to [2], the number of TI bipolarons NB
is: NB ≈ N |EB|/2EF , where N is the total number of electrons, EF is the Fermi energy, i.e.
NB << N . This means, in particular, that when calculating the London penetration depth in
the TI bipolaron theory in order to find the concentration of superconducting current carriers at
low temperatures, one should use NB, rather than the total number of current carriers N as one
does in the BCS. For high-temperature superconductors, this fact was proved experimentally
in [4], where London penetration depth was measured in overdoped SC.
The theory developed in [1, 2] fits in well with the thermodynamic properties of HTSC
materials and their magnetic characteristics [5]. However, these facts alone do not enable us to
conclude that the TI bipolaron theory of SC does not contradict other experimental facts.
At present there are a lot of methods which enable one to study the properties of paired
states and the consequences arising from them. The aim of this work is to analyze to what ex-
tent the data of contemporary spectroscopy methods, including scanning tunneling microscopy
(STM), its attendant methods of quasiparticle interference, angle-resolved photoemission spec-
troscopy (ARPES) and Raman (combination) scattering are compatible with the ideas of TI
bipolaron mechanism of HTSC.
The paper is arranged as follows. In Section 2 we discuss the peculiarities of tunnel experi-
ments resulting from the properties of TI bipolarons. It is shown that the presence of kinks in
the spectral characteristics and conductance measurements is a natural consequence of the TI
bipolaron theory.
In Section 3 we discuss the data of ARPES experiments. It is shown that these data
correspond to the fact that the SC gap has a phonon nature as it follows from the TI bipolaron
theory of SC.
In Section 4 the data of combination scattering are compared with the conclusions arising
from the TI bipolaron theory.
In Section 5 we discuss the results obtained.
2 Tunnel characteristics
In the case of the TI bipolaron theory of SC, tunnel characteristics have some peculiarities.
As usual, in considering tunnel phenomena, for example, in considering a transition from a
superconductor to an ordinary metal through a tunnel contact we will reckon the energy from
the ground state of a SC. In the TI bipolaron theory, the ground state is the bipolaron one
whose energy is lower than the Fermi level of this SC in normal state by the value of the
bipolaron energy |EB|. Hence, upon a tunnel contact of a SC with an ordinary metal, the
Fermi level of an ordinary metal will coincide with the ground state energy of a SC. Therefore
the one-particle current for such a contact will have the usual form (figure 1).
The peculiarity arises in considering a two-particle current. It is concerned with the fact
that the spectrum of excited states of a TI bipolaron is separated from the ground state by
the value of the phonon frequency ω0. For this reason the current-voltage characteristic of a
two-particle current will have the form shown in figure 1 with |EB/2| replaced by ω0. As a
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Figure 1: Current-voltage characteristic of one-particle current.
Figure 2: Current-voltage characteristic of total current.
result the total current-voltage characteristic will have the form shown in figure 2.
The I-V curve represents the case of ω0 < |EB|. In the opposite case the quantities ω0
and |EB|/2 should be reversed. The region of the I-V curve determined by the values of
ω0 < V < |EB|/2 corresponds to the kink which is absent in the BCS theory.
From the spectral viewpoint, a kink corresponds to a transition from a one-particle spectrum
of electrons with energy lying below EF by the value of |EB|/2 to a two-particle TI bipolaron
spectrum of excited states which in the one-particle scheme lies in the region of
(EF − |EB/2|+ ω0/2, EF ), as it is shown in figure 3.
The dependence of E(k) shown in figure 3 corresponds to ARPES observations of kinks in
a lot of HTSC materials (see, for example, review [6]). For example, according to [6], in the
well-studied cuprate Bi2212, the kink energy (|EB|/2) is 70 meV.
Figure 4 demonstrates a typical for HTSC dependence of dI/dV on V shown in figure 2.
Here a kink corresponds to the dip to the right of the high peak.
Notice that, in view of the fact that TI bipolarons exist even at T > Tc, the dI/dV curve
at T > Tc will qualitatively retain the form shown in figure 4. Hence, the quantity |EB|/2 will
play the role of a pseudogap in one-particle transitions, while |EB| - the role of a pseudogap in
two-particle transitions. This conclusion is fully compliant with numerous tunnel experiments
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Figure 3: The kink corresponds to the gap which arises in passing from normal branch 1 to TI
bipolaron branch 2 for energy equal to EF − |EB|/2.
Figure 4: Dependence of dI/dV conductance on V corresponding to the curent-voltage char-
acteristic shown in figure 2.
in HTSC [6, 7, 8].
3 Angle-resolved photoemission spectroscopy (ARPES)
Apart from STM, a direct method providing information on the properties of a superconducting
gap is the angle-resolved photoemission spectroscopy [9]. When supported by the results of
STM and evidence of quasiparticle interference this method provides the fullest data on the
properties of a SC gap. Recently a method of double photoelectron spectroscopy has been
developed which is a generalization of ARPES to the case of two particles where two electrons
with certain moments ~k1 and ~k2 and relevant energies E1 and E2 are photo-emitted [10]. Despite
the abundance of data obtained by ARPES the nature of HTSC gap is still unclear. In large
part this is due to the fact that so fat a unified theory of HTSC has not been created. On
the understanding that a SC mechanism is caused by Cooper pairing, in the case of strong
Froehlich EPI this leads to the TI bipolaron theory of HTSC [1, 2]. As distinct from bipolarons
with broken symmetry, TI bipolarons are delocalized in space and do not have a polarization
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potential well (polarization charge is equal to zero). According to [1, 2], a TI bipolaron has
a gap in the spectrum which has a phonon nature. In the TI bipolaron theory, bipolarons
are formed near the Fermi surface in the form of a charged Bose gas (immersed into electron
gas) which is condensed at the level lying lower than the Fermi level by the value equal to
the ground state bipolaron energy which leads to the SC state. The excitation spectrum of
such a gas has a gap equal to the phonon frequency. In this section we will show that the
photoemission spectrum obtained in ARPES contains exactly the kind of a gap, while the gap
|EB|/2 determined from the two-particle current which was considered in the previous section
has nothing to do with the gap measurements by ARPES.
With this end in view we will proceed from the general expression for the intensity of light
absorption I(~k, ω) measured in ARPES such that:
I(~k, ω) = A(~k, ω)F (ω)M(k, ω). (1)
In the case of intensity of light absorption by TI bipolarons measured by ARPES, the meaning
of the quantities involved in (1) are different from that in the case of one-electron photoemission.
In the case of Bose condensate under consideration, ~k has the meaning of the boson mo-
mentum, ω is the boson energy, A(~k, ω) is a one-boson spectral function, F (ω) is a function of
Bose-Einstein distribution, M(~k, ω) is a matrix element describing transitions from the boson
initial state to its final state.
In our case the role of a charged boson taking part in the light absorption belongs to a
bipolaron whose energy spectrum is determined by the expression [1, 2]:
ǫk = EB∆k,0 +
(
EB + ω0(~k) +
k2
2M
)
(1−∆k,0) , (2)
where ∆k,0 = 1, if k = 0, ∆k,0 = 0, if k 6= 0, and whose distribution function equals
F (ω) = [exp(ω − µ)− 1]−1. For ~k = 0, a TI bipolaron occurs in the ground state, while for
~k 6= 0 - in the excited state with energy EB + ω0(~k) + k
2/2M , where ω0(~k) is the phonon
frequency depending on the wave vector, M = 2m, m is the electron effective mass.
For further analysis it is important to note that the energy of bipolaron excited states
reckoned from EB in equation (2) can be interpreted as a phonon energy ω0(~k) and a kinetic
energy of two electrons coupled with this phonon. In the scheme of expanded bands the latter
has the form: (~k+ ~G)2/2M , where ~G is the reciprocal vector of the lattice (figure 5). In ARPES
technique measurements are taken of the spectrum of initial states which is the spectrum of
low-lying excitations of a TI bipolaron. In this connection we can neglect the contribution into
this spectrum of one- and two-particle excitations of an electron (polaron) gas into which the
bipolarons are immersed, since the density of the states of TI bipolarons near their ground
state is much greater than the density of the states of the electron spectrum. Hence, we
deliberately exclude consideration of such phenomena as de Haas–van Alphen and Shubnikov–
de Haas oscillations [11, 12, 13]. Since the kinetic energy corresponding to the reciprocal lattice
vector (or the whole number of the reciprocal lattice vectors) is very high, out of the whole
spectrum of a bipolaron determined by (2) we should take account only of the levels EB with
k = 0 and EB + ω0(~k) with k 6= 0 as a spectrum of the initial states. In other words, with the
use of the spectral function A(ω,~k) = −(1/π)Im G(ω,~k), where G(ω,~k) = (ω − ǫk − iǫ)
−1 is
the bipolaron Green function, the expression for intensity (1) can be presented in the form:
I(~k, ω) ∝
1
(ω −EB)2 + ǫ21
·
1
(ω −EB − ω0(~k))2 + ǫ22
, (3)
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Figure 5: Schematic representation of a bipolaron transition into an excited state as a result of
absorption of a quantum of light.
Figure 6: Scheme of energy levels in measuring the spectrum by ARPES. The area of the
continuous spectrum lying below the Fermi level is crosshatched.
which is fitting of the distribution function F with µ = EB and Green function G with the
use of Lorentzians, where ǫ1 and ǫ2 determine the width of the Bose distribution and bipolaron
levels, respectively (matrix element M(~k, ω), involved in (1), has a smooth dependence on the
energy and the wave vector, therefore this dependence can be neglected).
Hence, as a result of absorption of light by a pair of electrons (which initially occur in the
bipolaron state) ARPES method measures the kinetic energy of electrons with momenta ke,
which escape from a sample into vacuum as a result of absorption of a photon with energy ~ν.
The energy conservation law in this case takes the form:
~ν = ω0(~k) +
(~k + ~G)2
2M
= ζ +
k2e
m0
+ ω0(~k), (4)
ζ = 2Φ0 + |EB| ,
which is illustrated by figure 6, where Φ0 is the work of electrons’ escape from a sample,
m0 is the mass of a free electron in vacuum. According to figure 6, when a bipolaron is formed
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Figure 7: Schematic representation of the angular dependence of the absorption intensity de-
termined by (3) for ω = ωi.
near the Fermi energy EF the energy of two electrons becomes equal to 2EF + EB.
In this case the electrons pass on from the state with pF (where pF is the Fermi momentum)
to a certain state with momentum p below the Fermi surface (since EB < 0). In ARPES method
measurements are taken of the spectrum of initial states reckoned from the energy 2 · p2/2m
corresponding to the energy of two electrons with momentum p. As a result, in ARPES the
energy ωi = 2EF + EB − p
2/m is measured.
Hence, if a bipolaron with energy ω = ωi = EB+2ν(~pF −~p) lying in the domain of existence
of a bipolaron gas (2EF + EB, 2EF ), where ~νF is the velocity of a Fermi electron, absorbs a
photon with energy ~ν, then a phonon arising as a result of a decay of a bipolaron is recorded
in ARPES as a gap ω0(~k), and two electrons with kinetic energy k
2
e/m determined by (4) are
emitted from a sample.
In this scenario in each act of light absorption, two electrons with similar momenta are
emitted from a sample. This phenomenon can be detected by ARPES if we place the electron
detector just on the sample surface, since the kinetic energy of the dispersion of two electrons in
vacuum (not compensated by the attracting potential in the bipolaron state) is several electron
volts.
Hence, ARPES measures the phonon frequency ω0(k), which is put in correspondence with
a SC gap and, therefore, in cuprate HTSC with dx2−y2 symmetry its angular dependence is
determined by the expression ω0(~k) = ∆0| cos kxa − cos kya|. This angular dependence ω0(k)
leads to the angular dependence of the intensity I(ωi, ~p) ∝ A(ωi, ~p) given by equation (3) (fig-
ure 7) which is usually observed in ARPES experiments [9, 14, 15]. The form of the dependence
I(ωi, ~p) implies that there also exists a dependence of absorption peaks on ~p symmetric with
respect to the Fermi level. This dependence is not shown in figure 7 since in view of low
occupation density of states with p > pF their absorption intensity will be very small [16].
Experimental verification of the emission effect of TI bipolarons as a whole is important to
understand the pairing mechanism. Thus, according to [15], only one electron should escape
from a sample with dispersion of initial states determined, by the formula:
ǫBogp =
√
(p2/2m−EF )2 +∆2(p) (where ǫ
Bog
p is a spectrum of a Bogolyubov quasiparticle),
different from spectrum (2).
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Figure 8: Dependence of the absorption intensity I(k, ω) (arbitrary units) on k and ω (eV)
determined by (3) for the parameters: |EB| = 0, 2 eV, ∆0 = 0, 05 eV, ǫ1 = ǫ2 = 0, 01 eV and
the wave vector k in antinodal direction. The lattice constant is assumed to be equal to one.
The use of spectra ǫBogp and (2) to describe the angular dependence of the intensity leads to
a qualitative agreement with ARPES data with currently attainable resolution. Experiments
with higher resolution should provide an answer to the question of whether the SC condensate
in cuprates has fermion or TI bipolaron character.
The spectrum of ω0(k) suggests that in the nodal direction of cuprate superconductors
the EPI constant becomes infinite. Hence, in this case for bipolarons, the strong coupling
regime takes place. Figure 8 illustrates a typical dependence of the absorption intensity I(ωi, ~p)
observed in ARPES experiments [14].
The dependence observed in figure 8 follows from the intensity expression (1) with the
spectral function which corresponds to the spectrum of a TI bipolaron (2) and which cannot
be obtained from the spectral function (3) from paper [16] where Bogolyubov spectrum ǫBogp
is used for the spectrum and Fermi distribution function is used instead of Bose distribution.
This result can be considered as an argument in favour of a TI bipolaron mechanism of SC.
The above-considered peculiarities in the ARPES absorption spectrum will also manifest
themselves in tunnel experiments in the form of a thin structure (kinks) on the current-voltage
characteristics measured (Sec. 2). To this end, as distinct from traditional ARPES measure-
ments with high-energy photon sources ( ~ν = 20 − 100 eV), for these peculiarities to be
observed one should use sources with low-energy photons (~ν = 6 − 7 eV) and higher than
ordinary resolution with respect to the momenta [17, 18, 19, 20].
In paper [21] a possibility to observe emission of Cooper pairs by ARPES was considered
theoretically for ordinary SC. In particular, the authors showed the presence of a peak in the
emission current of Cooper pairs which corresponds to zero coupling energy of occupied two-
electron states. The peak considered in [21] corresponds to a transition with the energy ~ν
determined by (4) and the coupling energy ≈ 1 meV which is on the verge of the ARPES
measurement accuracy. In the case of high-temperature superconductors the coupling energy
can be tenfold higher which makes verification of the effects under consideration in them more
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realistic. The main distinction of the results obtained in them from those obtained in [21] is
the presence of an angular dependence of the absorption peak (figures 6, 7) typical for HTSC
materials.
Let us discuss briefly the temperature dependence of the intensity I(ωi, ~k). According to
equation (1), it is determined by the temperature dependence of F (ω).
For T < Tc, where Tc is the temperature of a SC transition, F ∼= N0(T ) for ω = EB, where
N0(T ) is the number of bosons (bipolarons) in a condensate which determines the temperature
dependence of the absorption intensity. The value of N0(T ) decreases as T grows and, generally
speaking, vanishes at the temperature of a SC transition making the absorption intensity equal
to zero. Actually, however, this is not the case, since only the Bose condensate side turns to
zero. According to TI bipolaron theory of SC, at T > Tc bipolarons exist in the absence of a
condensate too. In this case the population density of the ground state of such bipolarons will
decrease as the temperature grows vanishing at temperature T ∗ corresponding to a transition
from the pseudogap to normal state.
This conclusion is confirmed by ARPES experiments in SC and pseudogap phases [22]
which demonstrated that the angular dependence of a SC gap of d -type is similar to the
angular dependence of the population density in the pseudogap phase. At the same time
there are considerable differences between the ARPES experimental data in SC and pseudogap
phases. In the SC phase the absorption intensity peak occurs below the Fermi level which
corresponds to the sharp spectral peak of the population density of Bose condensate determined
by equation (3) while in the pseudogap phase this peak will be absent in view of the absence of
a condensate in it [23]. Under these conditions, in view of an increase in the population density
of excited bipolaron states with rising temperature, the intensity of the absorption peak in
ARPES experiments will decrease with a rise in temperature and reach minimum in antinodal
direction and maximum in the nodal one.
4 Raman scattering
Notwithstanding the fact that Raman scattering does not give an angular resolution [24], the
data obtained by this method also point to the phonon nature of a gap in HTSC. As was shown
in [1, 2], the spectrum determined by (2) can be interpreted as a spectrum of renormalized
phonons. Scattering of light with frequency ν by such phonons will give rise to satellite fre-
quencies νB+ = ν + |ǫ
B
k | and ν
B
−
= ν − |ǫBk | in the scattered light, where ǫ
B
k is determined by (2).
In the case of wide conductivity bands, i.e. when inequality G2/M >> maxω0(k) holds, the
splitted lines νB
±
overlap and form a region with a maximum displaced to the Stokes branch ν−.
Since in the model under consideration a bipolaron gas is placed in a polaron gas where the
number of bipolarons is far less than the number of polarons, the intensity of bipolaron satel-
lites will be much weaker than that of TI polaron satellites: νP+ = ν + |ǫ
P
k | and ν
P
−
= ν − |ǫPk |,
ǫPk = EP∆k,0 + (ω0 + k
2/2m) · (1−∆k,0), EP is the energy of a TI polaron. As in the case of
an ordinary combination scattering, the intensity of scattering on polarons and bipolarons will
be much weaker than the intensity of Rayleigh scattering corresponding to frequency ν.
In experiments on Raman scattering [25], indeed, at T < Tc a wide peak appears which,
according to our interpretation, corresponds to widen frequencies νB,P± . In full compliance
with the experiment, the position of this peak is independent of temperature. In the Raman
scattering theory based on the BCS, on the contrary, the position of the peak should correspond
to the width of the SC gap and at T = TC the frequency corresponding to this width should
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vanish.
The results of Raman scattering also confirm that TI bipolarons do not decay at T =
TC , and still exist in the pseudogap phase. Measurement of the temperature dependence of
the Raman scattering intensity is based on subtraction of the absorption intensity in normal
and superconducting phases. The remainder obtained, according to our approach, is totally
determined by scattering on the Bose condensate and, in full conformity with the experiment,
is temperature-dependent, vanishing at T = TC .
5 Conclusive remarks
In this paper we practically did not use any specificity of the mechanism of pairing of electrons
and holes. For example, both in the Hubbard model and in the t-J model in describing HTSC
copper oxides the same holes take part both in the formation of antiferromagnetic fluctuations
and in pairing caused by exchange by these fluctuations. If an interaction of holes with magnetic
fluctuations leads to a formation of TI magnetopolarons having the spectrum ω0(k), then this
spectrum is also the spectrum of magnons renormalized by their interaction with holes (bound
magnons). Exchange by such magnons can lead to the formation of hole pairs, i.e. formation
of magnet TI bipolarons whose spectrum, according to the TI bipolaron theory, will be just
the spectrum of ω0(k), i.e. the spectrum possessing d-symmetry. For this reason the assertion
that a RVB superconductor is merely a limit case of a BCS SC with strong interaction becomes
justified [26].
Obviously, d-symmetry is specificity of cuprate HTSC and is not an indispensable condition
for HTSC existence. For example, such a substance as sulphur sulphide (H3S) demonstrates
a record transition temperature: TC = 203 K (under high pressure [27]), it does not have a
magnetic order but in it there is a strong EPI. Still greater value of Tc under high pressure has
recently been obtained in LaH10 with TC = 260K [28], it is also characterized by a strong EPI
and a lack of magnetic order.
In conclusion it should be noted that the problem of pairing mechanism is still unclear. If
this is interaction of current carriers with magnetic fluctuations, then within our approach, the
particles which will twin electrons will be not phonons but magnons. In passing on from the
pseudophase to the normal phase this glueing mode disappears which leads to a decay of a
bipolaron into two individual polarons with an emission of a phonon (magnon).
In the pseudogap phase there may be a lot of different gaps caused by the presence of
phonons, magnons, plasmons and other types of elementary excitations. In this case the SC
gap will be determined by the type of elementary excitations having the maximum force of
interaction with current carriers.
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